Spinal cord injury (SCI) is a devastating condition affecting primarily young males. The annual incidence of SCI in the United States is 12,000/year, with a prevalence of over 250,000 persons. Nearly 80% of individuals sustaining SCI are male (Dorsher and McIntosh 2009) . Treatment for individuals with SCI in the USA estimatedly costs more than $7 billion per year. In China, the incidence of SCI has been increased markedly in the past 10 years. Most SCIs are incomplete. In some patients whose motor and sensory paralysis even appears complete, spared neural tissue has also been found post-mortem (Saadoun et al. 2008) .
Recent experimental studies in laboratory animals have shown that secondary injury of SCI can be decreased by exogenous interventions with drugs to diminish repulsive barriers (Rossignol et al. 2007) . It occurs in a delayed yet progressive fashion and involves cellular and biochemical events that initiate cascades culminating in tissue damage and cell death (Dumont et al. 2001) . During the process, the immune response plays an important role in the mechanism of spinal cord functional regeneration after its injury. Hauben et al. (2003) suggested that stimulating the immune response is helpful in functional recovery of SCIs in some circumstances. On the other hand, in vivo and in vitro studies have shown that many immune inhibitors, such as rapamycin toxin, cyclosporine A, and tacrolimus are helpful in the regeneration of central and peripheral axons (Shiraishi et al. 2001; Gillon et al. 2003) . Tacrolimus can promote early physiological function recovery in transplanted allogeneic limbs (Dubernard et al. 2003) and improve the limbs' locomotor function after acute SCI (Madsen et al. 1998; Voda et al. 2005; Pan et al. 2006a) . Tacrolimus has been considered as a potential therapy for SCI, since it has greater neuroprotective effects than that of methylprednisolone, a common drug used in the treatment of SCI (Kaymaz et al. 2005; Lopez-Vales et al. 2005) . However, immunotherapeutic application of tacrolimus has shown many adverse side effects including nephrotoxicity, diabetogenicity, and the development of lymphoproliferative disorders (Gruessner 1997) , which limit the wide use of tacrolimus.
Since 1994, a new type of immune inhibitor called FTY720 has been found . Compared with the traditional immune inhibitors, FTY720 has the advantages of stronger immune inhibiting effects, good synergistic effects with other immunosuppressive drugs, little side effects, broad treatment scope and so on. The signature feature of FTY720 is its ability to rapidly reduce blood lymphocytes, especially T cells, as a consequence of S1P 1 -mediated retention in the peripheral lymph nodes (Lo et al. 2005) . It is notable that FTY720 not only spares CD4 + CD25 + T-regulatory cells but also restores their functional activity (Daniel et al. 2007 ). It has been hypothesized that the apoptotic cell death of lymphocytes and the acceleration of lymphocyte homing decrease the number of lymphocytes Yanagawa et al. 1998) . Emerging evidence suggests that FTY720 could be effective in treating central nervous system (CNS) injury by influencing the blood-brain barrier and glial repair mechanisms that could ultimately contribute to the restoration of neural function Foster et al. 2007 ). Moreover, the unique mechanism of FTY720 allows for its use in combination with other immunosuppressants (Tamura et al. 2000) . In fact, the combination of FTY720 and tacrolimus produced additional immunosuppressive effects in rat allograft models (Hoshino et al. 1999; Tamura et al. 2000) and resulted in fewer changes in kidney structure and lower blood glucose levels than did tacrolimus alone (Gallo et al. 2006; Lopes et al. 2008 ). The present study investigated whether the combination of FTY720 and tacrolimus could result in a synergistic and beneficial effect on functional recovery after SCI.
Materials and Methods

Animals
The experiment was performed in accordance with the 'Guide for the Care and Use of Laboratory Animals' published by the Chinese National Institutes of Health. Protocols were approved by the Animal Ethics Committee of Nanjing Medical University. Since nearly 80% of individuals sustaining SCI are male, only male rats were used in the present study. Forty-eight pre numbered Sprague-Dawley (SD) male rats weighing an average of between 280 and 320 g were randomly divided into four groups via simple random sampling without repeats approach. The four groups are as following: an FTY720-treated group, a tacrolimus-treated group, an FTY720 + tacrolimus-treated group, and a saline-treated control group. All rats were housed in the same environment with free access to standard rodent chow and water, at a constant temperature of 23-28°C and a relative humidity of 60-75%.
Reagents
FTY720 was purchased from Yoshitomi Pharmaceutical lndustries Ltd. (Tokyo, Japan); tacrolimus was purchased from Beijing Novartis Pharma Ltd. (Beijing, China).
Surgical procedure
Spinal cord injury was induced using a weight-drop device developed at New York University (Gruner 1992 ) following a protocol developed by a multicenter consortium (Multicenter Animal Spinal Cord Injury Study; Basso et al. 1995) , which has been reported previously (Hauben et al. 2001) . Rats were anesthetized with pentobarbital (50 mg/kg, i.p.), and a laminectomy was performed at the T9-T10 level. After the spinous processes of T8 and T11 were clamped to stabilize the spine, the exposed dorsal surface of the cord was subjected to a weight-drop impact using a 10-g rod dropped from a height of 25 mm. The muscles and skin were then closed in layers. After the injury, the rats were placed in a temperature-and humidity-controlled chamber. Manual bladder expression was performed at least three times daily until reflex bladder emptying was established.
Reagent Administration
The optimal time to administer the reagent was referred to Lopes-Vales et al's studies (Lopez-Vales et al. 2005 ) and the chosen dose was based on previous studies with minor modifications (Cao et al. 2005; Pan et al. 2006b , papers in Chinese). In above studies, both time course and dose curve were conducted and results indicate 30 min post-surgery and 0.5 mg/kg of drug concentration are the optimal conditions to exam the efficacy of the drugs in rat SCI models. Thirty minutes post-operation, rats in three treatment groups were administered, by gavage, either FTY720 (0.5 mg/kg, in PBS, Saline), tacrolimus (0.5 mg/kg in PBS, Saline) or FTY720 + tacrolimus (0.5 mg/kg and 0.5 mg/kg respectively). Rats in the control group were administered saline at same dose (0.5 mg/kg) by gavage.
Functional Recovery Evaluation
Following three types of functional tests were used to assess the functional recovery. Each test was observed by two independent investigators.
Open-field test. The open-field locomotion test assesses movement, weight support and coordination. It was scored using the standardized Basso, Beattie and Bresnahan (BBB) locomotor scoring system (Basso et al. 1995) . BBB scores range from 0 (flaccid paralysis) to 21 (normal gait). Rats were acclimated to the testing environment (90 cm diameter plastic wading pool; 4 cm height) prior to testing. The test was performed before operation and at days 3, 7, 14, 21, 28, 35 and 42 post-operation. BBB scores were averaged for each group.
Inclined plane test. This test evaluates the maximum angle on the inclined plane upon which each animal can maintain a stable position for 5 seconds (Rivlin and Tator 1977) . Rats were placed on a board that was incrementally raised to increase angles. The test was performed before operation and at days 3, 7, 14, 21, 28, 35 and 42 post-operation. Angle scores were averaged for each group.
Footprint analysis. The walking patterns of the hindlimbs were recorded with ink during continuous locomotion across a 90 cm runway. The stride length on each side and the stride width between the two sides were calculated (Metz et al. 2000; Li et al. 2004; Fu et al. 2007 ). This test was performed at 42 days post-operation. Stride length and stride width were averaged for each group.
Electrophysiological assessments
Electrophysiological tests were carried out before operation and at days 21 and 42 post-operation. Somatosensory evoked potentials (SSEPs) were conducted through the spinal cord to the sensory cortex of the brain and recorded (Jou et al. 2000) . The rats were anesthetized with sodium pentobarbital (25 mg/kg, i.p.), and placed in a prone position over a warmed flat coil to maintain skin temperature above 34°C. Subdermal electrodes stimulated nerve impulses from the tibial nerves of both hindlimbs (stimuli trains in sets of 200 at 3 Hz; stimu-lus amplitude 3 mA square wave, 200 µ s in duration). The active electrode for the SSEP recording was placed into the interspinous ligament at T10. The reference electrode was placed subcutaneously at approximately the same level. The signals were amplified, filtered and displayed on the oscilloscope (Keypoint EMG and EP systems, Medtronic, Skovlunde, Denmark) to measure both the amplitude and the latency of the evoked potentials. Amplitude and latency of SSEPs were averaged for each group.
Electron microscopy (EM)
At 21 days post-operation, five rats randomly selected via simple random sampling method on pre-labeled rats in each group were euthanized and perfused intracardially with saline, followed by 2% glutaraldehyde and 4% paraformaldehyde in 0.1 M sodium cacodylate buffer, pH 7.4. Immediately after perfusion, their spinal cords were removed and postfixed in the same fixative overnight at 4°C. The spinal cord segment at the injury epicenter was sliced into 1 mm pieces, postfixed for 2 h in 1% OsO 4 in 0.1 M cacodylate buffer, dehydrated in graded ethanol solutions and embedded in Epon-812 (Ernest Fullam, Latham, NY). One micrometer semi thin plastic sections were cut and stained with 1% toluidine blue before examination with a Nikon Eclipse TE300 microscope equipped with a Spot RT Color CCD camera. For EM, blocks were trimmed and sections were cut at 100 nm, mounted on copper grids, stained with uranyl acetate and lead citrate and viewed with a JEOL (Tokyo, Japan) Jem 1200 EX transmission electron microscope.
Statistical analysis
All functional and electrophysiological measurements were carried out in a double blinded manner using codes for both the animals and the histologic slides. The statistical analysis was performed using SPSS software 13.0. Data were expressed as mean ± standard error of the mean (SEM). Statistical comparisons among the four groups were made using analysis of variance (ANOVA) with the post hoc Scheffé test for multiple comparisons. A probability level of less than 0.05 was considered statistically significant.
Results
Functional Recovery
Before operation, all groups received mean BBB scores of 21, indicating normally ambulating rodents. All groups received mean BBB scores of 21 at 3 days postoperation. Both the FTY720 + tacrolimus-treated group (at 7 days post-operation) and the FTY720-and tacrolimustreated groups (at 14 days post-operation) showed significantly improved hindlimb performance compared to the saline-treated control group (P < 0.05). This superior recovery continued throughout the survival period. The FTY720 + tacrolimus-treated group demonstrated a higher mean BBB score (P < 0.05) than those of the FTY720-and tacrolimus-treated groups at 14 days post-operation. There was no statistical difference in mean BBB scores between the FTY720-and the tacrolimus-treated groups (Fig. 1) .
Inclined plane testing was conducted to assess the functional integrity of subsets of supraspinal pathways. Preoperatively, all groups showed mean angle scores of approximately 65 degrees. Post-operation, the mean angle scores decreased, and then gradually increased for all groups. There was no difference in mean angle scores among the four groups at 3 days post-operation (Fig. 2) . All three treatment groups demonstrated significantly higher mean angle scores than that of saline-treated control group (P < 0.05) at 7 days post-operation (Fig. 2) . Moreover, the FTY720 + tacrolimus-treated group showed a higher mean angle score than those of the FTY720-and tacrolimus-treated groups (P < 0.05) at 14-42 days post-operation (Fig. 2) . No differences in mean angle scores were observed between the FTY720-and the tacrolimus-treated groups (P > 0.05) post-operation (Fig. 2) .
To further characterize the locomotion recovery, footprint analysis were performed for the four groups. Analysis of hindpaw footprints demonstrated a greater mean stride length and a shorter mean stride width in FTY720 + tacrolimus-treated group than in the other three groups at 42 days post-operation (P < 0.05) (Fig. 3) . No differences were found in the mean stride width among the FTY720-, tacrolimus-and saline-treated control groups (P > 0.05), although there were significantly greater mean stride lengths in the FTY720-and the tacrolimus-treated groups than in the saline-treated control group (P < 0.05) (Fig. 3) .
Electrophysiological results
Electrophysiological recovery was evaluated by means of the amplitude and latency of SSEPs. The amplitude of the SSEPs indicates whether the sensory spinal tracts are disrupted. The normal value of SSEPs amplitude is about 28-32 mV. The latency of the SSEPs shows the impulse conduction of the spared axonal pathways. The normal value of SSEPs latency is about 4 ms. Reduced mean amplitude and lengthened mean latency in SSEPs were observed in all four groups post-operation, indicating that the motor spinal tracts had been partially disrupted. The FTY720-, tacrolimus-and FTY720 + tacrolimus-treated groups showed significantly higher (P < 0.05) mean amplitude and shorter (P < 0.05) mean latency of SSEPs compared with those of saline-treated control group at 21 and 48 days postoperation. Moreover, the FTY720 + tacrolimus-treated group showed a significantly higher (P < 0.05) mean amplitude and a shorter (P < 0.05) mean latency of SSEPs compared with those of the FTY720-and tacrolimus-treated groups. Conversely, there were no significant differences (P > 0.05) in either mean amplitude or mean latency of SSEPs between the FTY720-and tacrolimus-treated groups (Fig.  4A, 4B ).
Histological evaluation
Electron microscopic studies were performed to determine the effects of FTY720, tacrolimus and FTY720 + tacrolimus on axons and myelin after SCI. At 21 days postoperation, there were only a few pathological changes in the FTY720 + tacrolimus treated group. The axons appeared as slightly oval structures. A darkly stained rim of relatively 
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A compact myelin, proportional to the axon diameter, surrounded each axon with only a little intramyelinic vacuolization (Fig. 5C ). In contrast, there was varying degrees of change in the other three groups after SCI. The most notable change in the appearance of the tissue was the formation of swollen axonal profiles, a decrease in the number of healthy-looking, large-diameter axons, and a disruption in myelin structure. Many axons appeared to have lost their round or oval shapes. This change was most obvious in the saline-treated control group. The white matter showed overt splitting of the myelin lamellae, evident loss of myelin compaction and much intramyelinic vacuolization (Fig.  5D ). In the FTY720-treated group, axons retained their round or oval shapes but there was intramyelinic vacuolization and some loss of myelin compaction (Fig. 5A) . The changes in the tacrolimus-treated group were similar to those observed in the FTY720-treated group, but the loss of myelin compaction was more obvious in tacrolimus-treated group (Fig. 5B) .
Discussion
In the present study, rats in the three treatment groups (FTY720, tacrolimus and FTY720 + tacrolimus) were found to exhibit statistically significant improvements following SCI, as quantified by the BBB score, the inclined plane test, footprint analysis, electrophysiological tests and electron microscopic analysis. Notably, treatment with a combination of FTY720 and tacrolimus afforded greater effect than treatment with either FTY720 or tacrolimus alone.
It was reported recently that SCI could trigger an autoimmune response to myelin basic protein (MBP) (Jones et al. 2002) . MBP immunizations exacerbated neurological deficits, demyelination, and / or neuronal survival / function in animals subjected to SCI. These deficits were associated with increased numbers of infiltrating T cells and enhanced macrophage / microglial activation in areas of secondary injury (Jones et al. 2004) . The fact that lymphocytes also responded to MBP may contribute to post-traumatic secondary degeneration (Jones et al. 2002) . The effect of immunosuppression as a therapy for SCI could be explained by these observations. Tacrolimus (also called FK506), a kind of macrolides immune inhibitor, is widely used in organ transplantation (Fukudo et al. 2009; Simmonds et al. 2009 ). It can promote physiological functional recovery of transplanted allogeneic limbs (Dubernard et al. 2003) , and improve the locomotor function of limbs after SCI (Madsen et al. 1998; Voda et al. 2005; Pan et al. 2006a) In the present study, it was also found that tacrolimus effected statistically significant improvements after SCI, as quantified by the BBB score, the inclined plane test, footprint analysis, electrophysiological tests and electron microscopic analysis. Like cyclosporin A, tacrolimus elicits immunosuppression by inhibiting the protein phosphatase 2B (calcineurin) and subsequently blocking activation of the nuclear factor of the activated T cell (NFAT), thereby preventing interleukin-2 (IL-2) transcription (Ahn et al. 2007 ). This calcineurin inhibition is mediated by neuroimmunophilins, a family of proteins that bind to tacrolimus or cyclosporin A, referred to as tacrolimusbinding proteins (FKBP) or cyclophilins, respectively. In T cells, binding of tacrolimus to FKBP-12 mediates calcineurin inhibition and, consequently, immunosuppression (Clipstone and Crabtree 1992; Gold and Zhong 2004) .
To our knowledge, this is the first report that a new kind of immune inhibitor, FTY720, could also exhibit statistically significant improvements in SCI, as quantified by BBB scores, the inclined plane test, footprint analysis, electrophysiological tests and electron microscopic analysis. It did not show significantly better results than tacrolimus in functional recovery after SCI though. FTY720, originally derived from the fungal natural product ISP-1 by medicinal chemistry efforts , elicits its unique immunosuppression by inducing a marked decrease in the number of peripheral blood lymphocytes, especially T cells (Hoshino et al. 1996) . It selectively induces cell death in mature T-lymphocyte, especially CD4-positive cells, in peripheral blood without depressing bone marrow (Enosawa et al. 1996) , and then decreases the number of lymphocytes .
Several studies have shown that FTY720 given in combination with tacrolimus caused a synergistic effect in rat allograft models, such as skin, cardiac, liver and kidney transplantation (Xu et al. 1998; Tamura et al. 2000; Gallo et al. 2006; Lopes et al. 2008) . In this study it was found that treatment with combination of FTY720 and tacrolimus had a significantly stronger effect on promoting functional recovery of spinal cord damage than treatment with either FTY720 or tacrolimus alone. As indicated in the result section, the FTY720 + tacrolimus-treated group has significantly higher BBB scores, mean angle scores and amplitude of SSEPs; greater in stride length; shorter in stride width and latency of SSEPs; less pathological changes in axons and myelin, than those of in FTY720-and tacrolimusalone-treated groups, respectively.
Tacrolimus can inhibit IL-2 transcription of activated T cells (Tocci et al. 1989; Ahn et al. 2007) , and FTY720 can induce a marked decrease in the number of peripheral blood lymphocytes (especially T cells) Gold 2000) . A marked suppression of lymphocyte infiltration and decreased levels of mRNAs for IL-2, IFN-gamma, and granzyme B can be seen with combination therapy accounting for powerful mutual effect of FTY720 and tacrolimus (Tamura et al. 2000) . The greater effects on the functional recovery on SCI by the combination of FTY720 and tacrolimus than those of FTY720 or tacrolimus alone are explained by their different effects on lymphocytes and powerful mutual effect, which were involved in the development of SCI (Jones et al. 2002 (Jones et al. , 2004 .
In summary, the present study has shown that FTY720 is as effective as tacrolimus in promoting the functional recovery after SCI, and that the combination of FTY720 and tacrolimus provides even better effect. The results sug-gest that the combination of FTY720 and tacrolimus may have potential therapeutic efficacy for treating acute SCI. Further investigations are needed to describe the detailed mechanism of the combination of FTY720 and tacrolimus on functional recovery from SCI.
